Light-induced structural transformations in a single gallium nanoparticulate 
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In a single gallium nanoparticulate, self-assembled (from an atomic beam) in a nano-aperture at 
the tip of a tapered optical fiber, we have observed evidence for a sequence of reversible light-induced 
transformations between five different structural phases (7 e 5 — » /3 — > liquid), stimulated by 
optical excitation at nanowatt power levels. 



In this letter we report experimental evidence for a 
sequence of light-induced structural phase transforma- 
tions involving five different phases in a single gallium 
nanoparticulate. Our results are consistent with predic- 
tions that phase transitions in nano-volumes of material 
are achieved through continuous and reversible surface- 
driven coexistences of different forms 0, 0] , and demon- 
strate that such transformations can be stimulated and 
controlled by extremely low power optical excitation. We 
have been able to induce and monitor transitions between 
phases that differ in free energy by only a fraction of 
an meV per atom and found that the nanoparticulate's 
structural response to optical excitation settles within 
a few tens of microseconds. We observed that a par- 
ticulate probed with low intensity cw laser light can be 
overcooled by more than 90 K before it returns to the 
low-temperature phase, but that under a regime of more 
intense pulsed optical excitation this overcooling hystere- 
sis collapses. 

With such techniques as confocal microscopy, 'optical 
tweezers' and scanning near-held imaging it is now pos- 
sible to detect photoluminescence and Raman spectra 
and perform sophisticated transient spectroscopic mea- 
surements on single nanoparticles 0, 0, 0, @ - essen- 
tially removing the inhomogeneous broadening charac- 
teristic of nanoparticle him spectroscopy. In nanoparti- 
cles, phase transition temperatures and optical absorp- 
tion cross-sections depend strongly on particle size, so 
inhomogeneous broadening in nanoparticle films masks 
the characteristic changes in optical properties that ac- 
company a transition. Studying transitions in a single 
nanoparticulate, as opposed to a nanoparticle film @j[a], 
leads to advantages similar to the resolution improve- 
ments achieved in the optical spectroscopy of single par- 
ticles. 

We studied a single nanoparticulate, grown from an 
atomic beam, at the tip of a tapered optical fiber with 
a nano-aperture at its end. This location allows for pre- 
cise coupling of optical excitations to the particulate for 
the stimulation of phase transformations, and simulta- 
neously for collection of a probe signal reflected by the 
particulate and used to monitor its state. We used a 
gold-coated silica single- mode fiber tapered to a 100 nm 
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FIG. 1: Experimental arrangement for studying light-induced 
structural transformations in a single gallium nanoparticu- 
late. (a) Components inside the UHV chamber, and SEM 
images of the tapered fiber tip. (b) Fiber-optic arrangement 
outside the chamber for reflective pump-probe measurements. 



aperture (see inset to Fig. QJi). It was attached to a 
liquid nitrogen cryostat cold-finger at 80 K inside a vac- 
uum chamber evacuated to ~ 10~ 6 mbar. To grow the 
nanoparticulate, a gallium atomic beam with a mass flux 
of / ~ 0.3 nm/min was directed at the end of the fiber 
for t — 60 min (Fig. ^,). The formation of a particu- 
late in the nano-aperture was indicated by a change in 
the reflectivity of the fiber tip during deposition (we as- 
sume that, at least on formation, the particulate fills the 
aperture and therefore has a diameter equal to that of 
the aperture, i.e. 100 nm). A cw diode laser operating 
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at 1310 nm was used as a probe and another at 1550 
nm, typically modulated at v = 2.3 kHz, was used as 
the pump. The reflected probe signal was monitored us- 
ing an InGaAs photodetector and a digital lock-in ampli- 
fier (locked on the frequency v). A wavelength-division 
multiplexer (WDM) and bandpass filter prevented re- 
flected pump light from reaching the photodetector (see 
Fig. QJd). Structural transformations were observed by 
monitoring pump-beam-induced changes in the reflectiv- 
ity of the particulate as a function of temperature be- 
tween 80 and 300 K (varied at a rate of ~ 2 K/miri) us- 
ing pump and probe powers of 30 and 20 nW respectively 
at the nano- aperture. While increasing the temperature 
of the nanoparticulate we observe several narrow peaks 
in the induced-reflectivity-change signal at temperatures 
between 200 and 250 K , as shown in Fig. [2^. (no features 
are observed outside the range shown) . Positive and neg- 
ative peaks correspond to pump-induced increases and 
decreases in nanoparticulate reflectivity. When repeating 
the heating cycle the peaks appear at the same positions, 
although their relative heights may vary slightly. 

Substantial changes in the optical properties of the 
nanoparticulate may occur when it undergoes a tran- 
sition between two structural phases. Such changes 
are typically much more dramatic than temperature- 
dependent variations occurring within a single phase. 
Indeed, in the case of gallium, differences between the 
electronic density of states of its various phases lead 
to pronounced differences between their optical dielec- 
tric coefficients. A phase change in a galluim nanopar- 
ticulate thus affects its optical absorption cross-section 
[lTij |. and in the present case will change the reflectiv- 
ity of the nano-aperture hosting the particulate. One 
may thus detect phase transformations in a nanopartic- 
ulate by monitoring its optical properties. A peculiarity 
of confined solids is that their structural transformations 
take the form of a dynamic coexistence between different 
phases (as opposed to an abrupt transition) 0, Q , with 
the surface of a particle (where atoms have fewer near- 
est neighbors than internal atoms) acting as a boundary 
at which transformations start 0, ^3 . In the presence 
of optical excitation, the phase equilibrium (and there- 
fore in the present case the reflectivity of the particle) 
is determined by both temperature and the level of elec- 
tronic excitation 01 . In the current experiment, inci- 
dent laser light leads to both electronic excitation and a 
local temperature increase, which simultaneously affect 
the phase equilibrium. To detail this process further, we 
may consider a nanoparticlc consisting of a core in one 
structural phase covered by a shell of a different phase. 
With increasing temperature or level of excitation, the 
shell layer's thickness increases and the optical proper- 
ties of the particle change continuously from those of the 
core phase to those of the surface phase. If the temper- 
ature or level of optical excitation is reduced before the 
transformation to the new phase is complete, i.e. while a 



nucleus of the core phase is still present, the transforma- 
tion is reversed, the skin layer shrinks to an appropriate 
equilibrium position and the reflectivity returns to its 
original level. However, when the core is fully consumed 
by the surface phase the particle becomes stable against 
a return to the core phase because this would require 
the creation of a nucleation center. At this point the 
applied excitation abruptly ceases to induce any signifi- 
cant change in the particle's optical properties, until the 
temperature approaches the next phase transition point. 
This type of optical response, i.e. one based on reversible, 
excitation-induced structural transformations, has been 
observed previously at bulk gallium/ glass interfaces 0] 
and in gallium nanoparticle films [jj, |£| but these exper- 
iments did not resolve the fine structure of transitions 
involving multiple phases. 

The pump-induced reflectivity change signal observed 
during the cooling of the nanoparticulate (see Fig. [2J:) 
is very different from that observed during heating. It 
is about two orders of magnitude smaller and instead 
of sharp peaks there are abrupt step-changes in the sig- 
nal at certain temperatures. With the much smaller sig- 
nal level, there are fewer disccrnable steps in the cooling 
part of the temperature cycle than peaks in the heat- 
ing part, and they occur at temperatures different from 
those of any of the peaks. Some of these features can 
be explained by overcooling: with decreasing tempera- 
ture the particulate remains in a given phase until its 
temperature is somewhat lower than the normal phase 
transition temperature and in these conditions pump ex- 
citation produces very little signal. When the overcooled 
particulate transforms abruptly into a lower energy phase 
the pump-induced probe modulation is again small be- 
cause this change happens at a temperature far below the 
increasing-temperature signal peak for that phase. Thus, 
peak / and step A correspond respectively to transitions 
into and out of the highest temperature phase, implying 
that it overcools by ~ 45 K; and step C and peak V 
are associated with transitions into and out of the lowest 
temperature phase, which overcools by ~ 90 K . 

Peak I can confidently be attributed to a transition 
from a solid state to the liquid. An X-ray diffraction 
study of gallium nanoparticles found that a-gallium, the 
stable solid state of bulk gallium, is completely absent in 
small particles 0] so it follows from Defrain's a naly sis of 
the free energies of gallium's metastable phases |l(j that 
the only possible sequence of structural transformations 
in gallium particles is — >- e — >- 5 — > /3 — > liquid (7, s, S, (3 
all crystalline). This sequence is in agreement with the 
established phase diagram for gallium shown in Fig. [31 
(the pressure inside the particulate may be estimated us- 
ing the Laplace- Young equation P = (| + r) where a 
is the surface tension ~ 0.7 J.mT 2 for the liquid phase, 
d = 100 nm is the particle diameter, and h = ft = 18 
nm is its height, giving P ~ 0.1 GPa). Thus, peak I, 
at Tj = 248 K in Fig. may be attributed to a transi- 
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FIG. 2: (a) Magnitude (R pU m, P — Ro) of pump-induced reflectivity change for a gallium nanoparticulate as a function of 
increasing temperature (R pU m P = reflectivity with pump illumination, Ro = reflectivity with no pump present, cw probe 
power at particulate ~ 20 nW, pump peak power ~ 30 nW , plotted temp. = measured temp.), (b) R pump — Ro (increasing 
and decreasing temperature) for the same particulate but with 3 ns pump pulses (rep. rate 30 kHz, peak power 100 mW, 
plotted temp. = measured temp. + 65) (c) Decreasing temperature part of the temperature cycle shown in (a). Note that the 
recorded temperature of the coldfinger is somewhat lower than the actual temperature of the nanoparticulate due to localized 
laser-heating. 



tion from monoclinic /3-gallium to the melt, peak II (at 
Tn = 246 K) to a transition from rhombic <5-gallium to 
/3-gallium and peak 77/ (at Tm = 237 K) to a transition 
from e-gallium (of unknown point group) to 5-gallium. 
Assigning transitions to peak TV (at Tiv = 225 K) and 
the more structured peak V (at Ty = 216 K) is more dif- 
ficult. We will assume that the 7 phase, which is stro ngly 
represented in gallium nanoparticle X-ray spectra [15| . 
is the most likely candidate for the ground state (lowest 
temperature) phase of the particulate, in which case peak 
V is probably associated with a transition from 7-gallium 
to e-gallium. We believe that peak IV (the smallest of 
the five) corresponds to a change in the nanoparticulatc's 
shape rather than its phase: The optical cross-section 
of a nanoparticulate depends strongly on its shape so a 
particulate's reflectivity may also change when its shape 
changes. This argument is supported by measurements 
of the retardation between pump and probe modulations, 
which relates to the non-instantaneous relaxation of the 
high-energy phase back into the low energy phase follow- 
ing withdrawal of the optical excitation. Small retarda- 



tion changes (~few degrees) are resolved in the vicinity 
of peaks V and 727, and to a lesser extent around peaks 
I and II, indicating that the relaxation time increases 
by 5 — 10 11s close to these peaks. For peak IV the retar- 
dation is at least an order of magnitude larger than for 
the other peaks - suggesting that the associated transi- 
tion is different from the others. In the absence of any 
data on the dielectric constants of gallium's mctastable 
crystalline phases, no information on the phase transi- 
tion sequence can be derived from the signs or relative 
magnitudes of the peaks in Fig. 

Replacing the cw pump beam with a 20 kHz train of 3 
ns pulses (at the same wavelength) dramatically changes 
the phase transition pattern. Such data are presented in 
Fig. 03, where the temperature scale has been shifted by 
65 K to compensate for the strong heating effect induced 
by the short pulses and bring the peak pattern back 
into line with the cw-pump data in Fig. ^i. (Thermo- 
dynamic calculations confirm that the energy absorbed 
by the nanoparticulate cannot dissipate during the pulse 
and therefore rapidly increases its temperature.) For the 
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FIG. 3: Phase diagram for (bulk) gallium after Bosio [rH | 
showing the sequence of phase transitions expected in a gal- 
lium nanoparticulate undergoing adiabatic heating from 180 
to 300 K (The a phase is not found in nanoparticles so f3 
transforms directly to liquid.) 



independent, non-thermal mechanism where the phase 
change is caused by band-structure collapse and lattice 
instability resulting from electronic excitation [Till llfll ] . 

To summarize, we have for the first time investigated 
light-induced structural transformations in a single gal- 
lium nanoparticulate and observed evidence for a se- 
quence of reversible transformations between five dif- 
ferent structural phases. The low energy requirements 
for such optically induced phase transitions, and the 
nanoparticulate's phase stability on overcooling could 
provide a means of creating key logical and bistable mem- 
ory elements for nanophotonic devices operating at ex- 
tremely low power levels. 

The authors would like to acknowledge the finan- 
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pulsed regime of excitation, the optical changes associ- 
ated with the phase transitions are very similar in both 
directions of temperature, the magnitude of induced re- 
flectivity changes is much smaller than for cw excitation 
and there is very little overcooling. With increasing tem- 
perature, peaks / and V are still present but the large 
peak at position III is replaced by a much smoother, 
broader feature. With decreasing temperature, the same 
major peaks are seen with overcooling of only ~ 2 K for 
peak / and ~ 5 K for peak V . Peaks II and IV from the 
cw scan cannot be identified. The near-disappearance of 
overcooling may result from the fact that a short intense 
pump pulse may help a slightly overcooled nanoparticu- 
late to change from the high temperature phase to the low 
temperature phase by rapidly providing sufficient energy 
for it to get through the potential barrier between the 
phases as in the 'explosive crystallization' effect where 
a localized energy input stimulates an abrupt transition 
from an overcooled liquid state to the solid state [lij . 

The light-induced structural transitions arc observed 
at very low levels of optical excitation. Such levels can be 
used because the differences AG between the free energies 
of some of the metastable phases involved are very small: 
for example, AGb—s = 0.3 meV/atom, AG 7 _a = 17 
meV/atom [lfj. Thus, the absorbtion of a 'pump' quan- 
tum with an energy of 0.8 eV should be sufficient to con- 
vert about 500 atoms from the 7 phase to the S phase, 
and about 2700 atoms from the <5 phase to the (3 phase. 
The light-induced transitions arc likely to be driven pri- 
marily by thermal excitation (i.e. laser-induced heating) 
but there may also be a contribution from a temperature- 
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